The ICARUS trial is a phase II, open label, multicenter, single arm study conducted to investigate the efficacy, safety, and tolerability of a rechallenge treatment with the first-generation tyrosine kinase inhibitor (TKI) gefitinib in advanced non-small-cell lung cancer (NSCLC) patients carrying activating mutations of the epidermal growth factor receptor (EGFR). The ICARUS trial enrolled 61 patients who were rechallenged with gefitinib at progression after second-line chemotherapy. Serum-derived circulating cell-free DNA (cfDNA) collected before the rechallenge
Introduction
In the era of personalized medicine, molecular profiling has become essential in order to choose the most appropriate therapeutic strategy. This is particularly relevant for non-small-cell lung cancer (NSCLC) with adenocarcinoma histology. This subgroup of tumors carries a number of genetic alterations for which drugs approved for clinical use are available. Indeed, assessment of mutations in the epidermal growth factor receptor (EGFR) and BRAF genes, rearrangements of anaplastic lymphoma kinase ALK and of proto-oncogene tyrosine-protein kinase (ROS1), and expression of programmed death-ligand 1 (PD-L1) is mandatory for the choice of the appropriate therapies in patients with advanced NSCLC [1] .
Approximately 10-15% of Caucasian NSCLC patients carry an activating EGFR mutation leading to a constitutive activation of the tyrosine kinase domain and downstream pathways involved in the tumor growth [2] . A number of clinical trials demonstrated that in advanced NSCLC patients carrying EGFR mutations, first-line treatment with EGFR tyrosine kinase inhibitors (TKIs) produces a higher response rate and a longer progression-free survival (PFS) as compared to standard chemotherapy [3, 4] . Nevertheless, patients who initially respond to TKIs will relapse, usually within one year from the start of treatment [5] .
Mechanisms of acquired resistance to EGFR TKIs are usually classified in three main groups [6] . Alterations of the EGFR leading to reduced activity of TKIs represent one of the major mechanisms of acquired resistance to these agents. In an additional fraction of tumors activation of alternative signaling pathways occurs, through genetic alterations or increased levels of expression of growth factors/growth factor receptors or intracellular signal transduction proteins. Finally, complex phenotypic transformations such as epithelial-to-mesenchymal transition or transformation into small-cell-lung cancer (SCLC) might also carry resistance to EGFR TKIs.
The most common mechanism of acquired resistance to first-and second-generation EGFR TKIs is the p.T790M point mutation of the EGFR gene that occurs in about 50% of tumors progressing after first-or second-generation TKIs [2, 6] . This mutation is relatively rare in patients before TKI treatment, although the frequency of this phenomenon depends on the sensitivity of the techniques used for its detection. Recently, the third-generation EGFR TKI osimertinib became available for patients who progressed after a first line with a TKI and whose tumors carry a p.T790M mutation [7] . However, no alternative treatment exists for patients whose tumors developed other mechanisms of resistance.
Several clinical studies have assessed the possibility to rechallenge patients who progressed on first-generation TKIs after a course of chemotherapy. The hypothesis underlying these trials is that second-line chemotherapy might be effective on the clones of resistant cells thus restoring the sensitivity to EGFR TKIs. In this respect, the Iressa rechallenge in advanced NSCLC EGFR-M+ patients who responded to gefitinib used as first-line or previous treatment (ICARUS) trial investigated prospectively the safety and the efficacy of a rechallenge treatment with gefitinib in a cohort of advanced EGFR-mutant NSCLC patients [8] . Eligible patients had initially responded to first-line gefitinib and progressed after second-line chemotherapy and were treated with gefitinib as the treatment rechallenge. Of the 61 enrolled patients, 32 (52.5%) obtained a clinical benefit, with 3 (4.9%) achieving a partial response (PR) and 29 (47.5%) having stable disease (SD). Median progression-free survival (PFS) was 2.8 months, while median overall survival (OS) was 10.2 months. Overall, the results of this study indicated that gefitinib rechallenge offers modest benefit and represents an option only for patients for whom no other treatment is available.
In the ICARUS trial as well as in most trials of TKI rechallenge, patients received the rechallenge with gefitinib without any prospective evaluation of biomarkers. In this regard, we want to emphasize that this trial was run before the approval of osimertinib for patients progressing on first-or second-generation TKIs. At that time, information on T790M status of patients was not available, while this analysis is currently part of the routine diagnostic workout of patients recurring after treatment with TKIs.
The identification of patients who might benefit from the rechallenge with TKI remains a crucial issue. However, since in the large fraction of advanced or metastatic NSCLC patients a rebiopsy at progression of disease is not feasible, circulating cell-free DNA (cfDNA) analysis could represent a valid alternative for the molecular selection of these patients. In this study, we performed a retrospective EGFR molecular profiling of serum-derived cfDNA from patients enrolled in the ICARUS trial, thus evaluating the feasibility of cfDNA to identify patients suitable for the TKI rechallenge approach.
Results

Patients
The ICARUS trial enrolled 61 patients; of these, 58 received gefitinib. Serum samples were available for a subgroup of 29/58 (50%) advanced EGFR-mutant NSCLC patients treated within the ICARUS trial. The serum samples were collected at the enrollment in the study, i.e., before the retreatment with gefitinib in third-line. In particular, serum samples were available from 13 patients carrying the p.L858R point mutation in exon 21 and from 16 cases with an exon 19 deletion, as assessed by tissue testing at the initial diagnosis of lung cancer. The clinical and pathological characteristics of this subgroup are representative of the entire cohort previously described [8] (Table 1 ). 
Serum Analysis for EGFR Mutations
We first performed analysis of serum-derived cfDNA by using the Therascreen Plasma RGQ kit, which detected the same EGFR activating mutation found in tumor tissue at baseline in 13 out of 29 patients, showing therefore a 44.8% sensitivity. In particular, serum Therascreen analysis identified 6/13 (46.1%) p.L858R mutations and 7/16 (43.7%) exon 19 deletions, as shown in Table 2 . Because of the poor sensitivity of the Therascreen test, we reassessed all the samples, including those already found positive with the Therascreen, by droplet digital PCR (ddPCR) that detected 20 EGFR mutations in the 29 serum samples, with a sensitivity of 69%. Furthermore, ddPCR confirmed all the mutations found by Therascreen on serum. In detail, ddPCR testing detected in 9/13 (69.2%) cases with a p.L858R mutations and in 11/16 (68.8%) patients with an exon 19 deletions the same EGFR variant found in tissue ( Table 2) . Analysis with ddPCR also allowed defining the allelic frequency of the EGFR mutations in the positive cases. The mean and the median allelic frequency of EGFR mutations (either exon 19 deletions or p.L858R) in samples positive at both Therascreen and ddPCR analyses were 7.13% and 5.73%, respectively (range 0.16-13.53%). In contrast, the mean and median value of EGFR mutation allelic frequency for samples positive only at ddPCR analysis were 0.35% and 0.17%, respectively (range 0.1-1%). Notably, both Therascreen and ddPCR detected in the serum samples only the same EGFR variant previously identified in the tissue biopsy. In nine samples neither activating nor resistance mutation was detected by both techniques.
We observed similar findings for the p.T790M variant. Analysis of serum-derived cfDNA with the Therascreen kit revealed this variant in 2 out of 20 EGFR mutant serum samples. However, ddPCR analysis detected the presence of the resistance mutation p.T790M in 14 cases. We found no p.T790M mutations within the nine cases with no activating mutation in the serum. Overall, a p.T790M mutation was found in 14/29 (48.3%) patients at the enrollment in the ICARUS trial. The allelic frequency of the p.T790M variant in serum was generally much lower as compared with the exon 19 deletions and p.L858R, being <1% in all but one case.
PFS Analysis According to EGFR p.T790M Status in cfDNA
In the cohort of 29 patients, the median PFS of patients with (N = 14) and without (N = 15) p.T790M mutation serum were retrospectively evaluated. Cases for which serum analysis was not able to identify either the sensitive mutation or the resistance mutation were included in the p.T790M wild-type group. The PFS was 2.7 months for p.T790M positive patients (CI 95% 1.4-3.1 months) versus 3.5 months for the p.T790M negative patients (CI 95% 1.6-5.3 months), resulting in a statistically significant shorter PFS in the group of patients with detectable levels of p.T790M mutation in cfDNA (Long rank test p = 0.0180) (Figure 1 ). At Cox regression analysis, patients with a p.T790M mutation had a hazard risk (HR) of progression of 2.72 when compared with p.T790M negative patients (CI 95% 1.15-6.45).
Median TKI-free interval (defined as the time elapsed from the end of first EGFR-TKI treatment to the start of the rechallenge therapy) was 8.6 months (interquartile (IQ) range 6.4-10.0) in p.T790M-negative patients and 5.5 months (IQ range 3.3-7.6) in p.T790M-positive cases (p = 0.004 calculated by Kruskal-Wallis rank test). In addition, median numbers of cycles of rechallenge with gefitinib was 5 (IQ range 3-7) in the overall population, and 7 (IQ range 5-11) and 3.5 (IQ range 2-5) in patients without or with the p.T790M mutation, respectively (p = 0.005 calculated by the Kruskal-Wallis rank test). We listed the detailed information on rechallenge with gefitinib for individual patients in Supplementary Table S1 . test). We listed the detailed information on rechallenge with gefitinib for individual patients in Supplementary Table S1 . Finally, dividing the cohort of 29 patients in three groups: serum-positive for EGFR sensitizing and p.T790M mutations (N = 14); serum-positive only for the EGFR sensitizing mutation (N = 6); serum-negative for all EGFR mutations (N = 9), we observed no statistically significant differences in PFS (p = 0.0546; Figure 2 ). Finally, dividing the cohort of 29 patients in three groups: serum-positive for EGFR sensitizing and p.T790M mutations (N = 14); serum-positive only for the EGFR sensitizing mutation (N = 6); serum-negative for all EGFR mutations (N = 9), we observed no statistically significant differences in PFS (p = 0.0546; Figure 2 ). test). We listed the detailed information on rechallenge with gefitinib for individual patients in Supplementary Table S1 . Finally, dividing the cohort of 29 patients in three groups: serum-positive for EGFR sensitizing and p.T790M mutations (N = 14); serum-positive only for the EGFR sensitizing mutation (N = 6); serum-negative for all EGFR mutations (N = 9), we observed no statistically significant differences in PFS (p = 0.0546; Figure 2 ). However, the trend of the curves of both the double negative cases and negative cases only for the T790M is similar and differs from that of the double positive patients who in any case appear to have a worse prognosis.
Discussion
Rechallenge with TKI in NSCLC patients with EGFR mutations relies on the hypothesis that only a fraction of the EGFR-mutant tumor cells acquires a second genetic alteration that determines resistance. Actually, this supposition has been demonstrated in a number of studies showing that the p.T790M mutation is often heterogeneously expressed in tumors becoming resistant to first-or second-generation TKIs. The double mutant clone would have a growth advantage over the cells carrying only the original activating EGFR variant, determining the disease progression on TKI treatment. A subsequent line of chemotherapy would be highly effective on exponentially growing double-mutant clones. Therefore, their elimination would result in the subsequent expansion of cells with the only original EGFR mutation that, at this point, would be sensitive to TKIs. Sequist et al., have formally demonstrated this hypothesis at a molecular level in a seminal paper [9] . These authors showed that in selected patients the disappearance of the p.T790M resistant mutation following treatment with chemotherapy was indeed associated with the recovery of clinical sensitivity to EGFR TKIs.
Despite this strong biological hypothesis, the majority of prospective clinical trials showed a modest benefit from TKI rechallenge. Indeed, the response rate ranged between 0% and 22%, with median PFS ranging between 2 and 3.4 months [10] [11] [12] . These findings are in line with the results of the ICARUS trial that we previously described. Although some retrospective studies reported slightly better results, overall these findings suggest that rechallenge is an option only for patients for whom no other treatment option exists.
The major limit of the studies on rechallenge is that they did not evaluate prospectively any biomarker to select patients that might benefit from this therapeutic approach. In this respect, our study suggests that EGFR mutant NSCLC patients who progress after gefitinib and subsequent chemotherapy and do not have serum p.T790M do benefit more from the rechallenge with gefitinib as compared with p.T790M-positive patients. Because of the lack of alternative treatment strategies in patients who do not carry a p.T790M at progression of the disease, our data support the use of rechallenge with first-generation TKIs in p.T790M-negative patients.
Our findings have a number of biological and clinical implications. We could detect EGFR activating mutations in 69% of the cases. The sensitivity of EGFR mutation testing of liquid biopsy ranged between 40% and 80% in different studies, depending on the technology used for testing [13] . In particular, methods based on emulsion PCR, such as ddPCR and BEAMing, showed a higher sensitivity as compared with real time PCR-based approach, including the Therascreen assay. However, different variables might affect the sensitivity of the testing. First, it must be emphasized that the best results are usually obtained by testing cfDNA extracted from the plasma, while in our study we only had the serum available. Serum samples are sub-optimal for cfDNA testing because of the higher levels of non-tumor DNA [14] . In addition, the majority of studies comparing tissue and liquid biopsy have enrolled previously untreated patients. While we do not expect that following chemotherapy tumors might lose the expression of the EGFR mutation that is quite often a clonal event, the levels of cfDNA correlate with the tumor burden. In this respect, at least in some patients who are progressing after chemotherapy, we might expect a reduced tumor burden as compared with baseline.
In this study, we detected the p.T790M in almost 50% of the serum samples. It is difficult to compare these findings with previous reports in which the sensitivity for p.T790M testing in liquid biopsy was calculated by taking into account the p.T790M status of the tumor tissue. For example, Oxnard et al., found a sensitivity of plasma genotyping for detection of p.T790M with BEAMing of 70% among patients with a tissue biopsy positive for this variant. However, among patients with p.T790M-negative tumors, 31% of the cases were positive for the p.T790M in the liquid biopsy [15] . The frequency of the p.T790M mutation at progression after first-or second-generation TKIs ranges between 50% and 65% in different studies. Given the limits of sensitivity of liquid biopsy, our data suggest that chemotherapy did not eradicate the resistant clone in any of the patients who developed the p.T790M as mechanism of resistance. This finding does explain the limited activity of gefitinib rechallenge. The mean number of cycles of chemotherapy received by patients enrolled in the ICARUS trial was 4.7 ± 1.7 (range: 1-11), with 16 (26.2%) patients receiving ≤3 cycles and 45 (73.8%) >3 cycles. More importantly, the response rate was only 22.9%. We can hypothesize that in patients who did not respond to chemotherapy or who had a short exposure to cytotoxic drugs, no eradication of the p.T790M resistant clone might have occurred. In agreement with this hypothesis, patients with p.T790M-positive serum had a significantly shorter median TKI-free interval as compared with cases with p.T790M-negative serum.
Our findings highlight the importance to assess the p.T790M status in patients who might be candidate to rechallenge with a first-generation EGFR TKI. In agreement with our results, Nakamura et al., reported that 4/5 patients with a history of p.T790M positivity in plasma-derived DNA had progression disease (PD) when rechallenged with a first-generation TKI. Interestingly, they also found that 3/4 patients who achieved PR with chemotherapy between treatments with EGFR TKIs, benefited from rechallenge. These findings further support the hypothesis that response to chemotherapy might be relevant to restore sensitivity to EGFR TKIs. In contrast, Zhang et al., found that the presence of the EGFR-resistance mutation p.T790M is not predictive of the clinical response to first-generation TKIs rechallenge [16] . Nevertheless, in this latter study, the analysis of the p.T790M was performed on tumor tissue by using Sanger sequencing in 70% of the cases and amplification refractory mutation system (ARMS) assay in 30%. Sanger sequencing has a very low sensitivity and it can easily result in false negative findings when assessing EGFR mutations [17] . This might be particularly relevant when testing for the EGFR p.T790M variant, which is often heterogeneous in TKI-resistant tumors [18] . In this respect, liquid biopsy testing has the advantage of recapitulating better the heterogeneity of the disease as compared with analysis of a single tumor biopsy specimen. Our results are also apparently different from the findings of Hata et al., who described a median PFS of 5.0 months for EGFR-mutant NSCLC patients with p.T790M and of 2.7 months for those without p.T790M in the tissue biopsy obtained before TKI rechallenge [19] . However, the definition of TKI rechallenge in the two studies was completely different. In the ICARUS study, patients received a chemotherapy treatment after the first-line gefitinib and before the rechallenge with the same drug within a prospective trial. In the retrospective study from Hata et al., patients who had received another TKI without TKI-free interval after initial TKI failure were categorized as patients who underwent TKI rechallenge [19] . Therefore, the two studies measured completely different phenomena.
An important point to discuss is that the p.T790M-negative population is actually a mixed group of patients. In fact, among these, there may be patients in whom chemotherapy has reversed the resistant phenotype. However, it could also contain patients who have a different resistance mechanism than p.T790M [20] . Unfortunately, we did not have sufficient cfDNA available to test with next-generation sequencing panels to identify the additional genetic alterations that might drive the resistance to EGFR TKIs. Finally, this cohort also contains the cases that did not have any EGFR mutation in the serum. Evidence suggests that this group of patients has an excellent prognosis and a more indolent course of the disease. In this regard, we would like to emphasize two aspects. The first is that literature data suggest that patients with the p.T790M mutation have a favorable course of the disease compared to those that do not develop this mutation [19, 21] . In this respect, the observation that patients without the p.T790M did better in our study supports the hypothesis that gefitinib treatment could influence the course of the disease in this subgroup of patients while it was not effective in p.T790M-positive patients. The second is that the trend of the curves of double negative patients and negative patients only for p.T790M is similar and differs from that of patients with p.T790M. Therefore, we believe that the observed difference does not derive from a prognostic role of liquid biopsy but that the lack of p.T790M has a predictive role with respect to the possibility of rechallenge efficacy. Nevertheless, we do recognize the limits of our analysis that cannot formally distinguish between a prognostic and predictive value of the p.T790M because of the non-randomized nature of the study.
We do acknowledge that our study has several limitations. This is a retrospective analysis and serum samples were available only from 50% of the initial cohort of 58 patients treated within the ICARUS trial. In addition, the use of targeted sequencing panels might better define the presence of resistance mechanisms to EGFR TKIs.
Materials and Methods
Study Design and Patient Population
The ICARUS trial (NCT01530334) is a phase II, open label, multicenter, single arm study conducted to investigate the efficacy, safety, and tolerability of a rechallenge treatment with oral gefitinib (250 mg/day) in 61 advanced EGFR-mutant NSCLC patients who responded to gefitinib in the first-line treatment and with a disease relapse after second-line chemotherapy. NSCLC tumor tissues were screened for EGFR mutations by standard diagnostic approaches in the participating centers. The trial was conducted in accordance with the provisions of the Declaration of Helsinki, Good Clinical Practice guidelines (as defined by the International Conference on Harmonisation), applicable regulatory requirements, and the policy on bioethics and human biologic samples of the trial sponsor, AstraZeneca. All patients provided written informed consent. This trial was funded by the sponsor and was designed by the principal investigators (Federico Cappuzzo, Filippo de Marinis, Nicola Normanno) and the sponsor. The sponsor was responsible for collection and analysis of data. The ethic committee of the IRCCS "Fondazione Pascale" approved this research on 11 January 2012 (n. 926).
Serum-Derived cfDNA
Blood samples were collected into BD Vacutainer®10-mL serum tubes with no additive (BD Diagnostics, Milan, Italy) at the recruitment time in the ICARUS trial before the rechallenge with TKI. The serum fraction was separated from the blood cells by centrifugation for 10 min at 4 • C at 3000 g. The collected serum was aliquoted and stored at −80 • C until use. cfDNA was extracted from 2 mL of serum using the QIAamp Circulating Nucleic Acid Kit (Qiagen, Crawley, UK) according to the manufacturers' instructions. The cfDNA quantity was assessed with the dsDNA HS assay kit by the Qubit 2.0 Fluorometer (Thermofisher, Waltham, MA, USA).
Therascreen Plasma EGFR RGQ PCR Kit
Serum-derived cfDNA of all samples was analyzed for EGFR mutation status using a Scorpion ARMS-based EGFR mutation detection kit (Therascreen Plasma EGFR RGQ PCR kit; Qiagen, Crawley, UK), which detects exon 19 deletions and both the p. L858R and the p. T790M point mutations. Reactions were performed on the Rotor-Gene Q real-time PCR cycler (Qiagen, Crawley, UK). Run conditions and Ct values were calculated according to the manufacturers' instructions.
Droplet Digital PCR Analysis
Samples negative at Therascreen analysis were analyzed using the QX200 Droplet Digital PCR (ddPCR) System. We employed three ddPCR assays able to detect the most frequent alterations in the EGFR tyrosine kinase domain: the EGFR Exon 19 Deletions Screening Kit, designed to detect 15 deletions in exon 19 of the EGFR gene and other exon 19 deletions present in the region covered by primers; the EGFR p.L858R mutation assay; and the EGFR p.T790M mutation assay (Bio-Rad, Milan, Italy). The ddPCR reaction was performed as previously described [22] and data analysis was conducted using the QuantaSoft analytical software v1.7.4 (Bio-Rad, Milan, Italy). The cut-off sensitivity of the ddPCR test was set at 0.1%.
Statistical Analysis
The Kaplan-Meier method was used to estimate the median progression free survival time (PFS), comparing the groups (cases without and with p.T790M point mutation) by log-rank test. Results were confirmed by Cox regression analysis. Statistical analyses were carried out using STATA MP/14.2.
Conclusions
Our findings do point out the need of molecular profiling to identify EGFR-mutant patients who might benefit of a rechallenge strategy. Our study also confirms that rechallenge is an option for those patients who do not carry a p.T790M variant and who have no alternative treatments available. In this respect, our data provide additional evidence that testing for p.T790M is mandatory to derive therapeutic decisions in patients progressing on first-and second-generation TKIs.
Supplementary Materials:
The following are available online at http://www.mdpi.com/2072-6694/11/10/1431/s1, Table S1 : Details on rechallenge with gefitinib for individual patients. 
